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In nonsuperconducting, metallic paramagnetic SrCo 2 As 2 , inelastic neutron scattering measure¬ 
ments have revealed strong stripe-type q = (tt, 0) antiferromagnetic (AFM) spin correlations. Here, 
using nuclear magnetic resonance (NMR) measurements on ®®Co and ^®As nuclei, we demonstrate 
that stronger ferromagnetic (FM) spin correlations coexist in SrCo 2 As 2 . Our NMR data are consis¬ 
tent with density functional theory (DFT) calculations which show enhancements at both q = (tt, 0) 
and the in-plane FM q = 0 wavevectors in static magnetic susceptibility x(q)' We suggest that 
the strong FM fluctuations prevent superconductivity in SrCo 2 As 2 , despite the presence of stripe- 
type AFM fluctuations. Furthermore, since DFT calculations have consistently revealed similar 
enhancements of the x(q) at both q = (tt, 0) and q = 0 in the iron-based superconductors and 
parent compounds, our observation of FM correlations in SrCo 2 As 2 calls for detailed studies of FM 
correlations in the iron-based superconductors. 

PACS numbers: 74.70.Xa, 76.60.-k, 75.40.Gb 


The interplay between magnetism and superconduc¬ 
tivity is one of the central issues in unconventional su¬ 
perconductors (SCs) such as high Tc cuprates and iron 
pnictide-based SCs. Among the iron pnictide-based 
SCs, the “122” class of compounds, AFe2As2 {A = Ca, 
Ba, Sr, Eu), has been one of the most widely stud¬ 
ied systems in recent yearsA— These systems undergo 
coupled structural and magnetic phase transitions at a 
system-dependent Neel temperature Tn, below which 
long-range stripe-type antiferromagnetic (AFM) order 
emerges. Suppression of the AFM order by doping or 
pressure results in a SC ground state with Tc ranging 
from a few K to more than 50 K. Continued doping ulti¬ 
mately results in the suppression of the stripe-type AFM 
spin fluctuations, which correlates with the suppression 
of SC A— Although the Cooper pairing is widely believed 
to originate from the residual stripe-type AFM spin fluc¬ 
tuations, the origin of the large variability of Tc is still 
not well understood. 

Tetragonal, metallic paramagnetic (PM) SrCo2As2 is 
the end member of the electron-doped Sr(Fei_a;Coa;)2As2 
family of compounds, which displays superconductivity 
in the range from x = 0.07 to x = 0.17 with a maximum 
Tc of 19 The x = 0 parent compound, SrFe2As2, is 
an AFM showing stripe-type spin density wave order be¬ 
low 220 KAA In SrCo2As2, on the other hand, no long 
range magnetic ordering is observed down to 1.8 KA 
The Sommerfeld coefficient (7 = 37.8 ) is signifi¬ 

cantly enhanced relative to SrFe2As2 in the stripe AFM 
stateA Angle-resolved photoemission spectroscopy and 
electronic structure calculations show no clear nesting 
features of the Fermi surface which drive the stripe-type 
AFM order and SC in the parent and modestly doped 
compounds.A Nevertheless, AFM spin correlations are 
suggested from the temperature (T) dependence of mag¬ 
netic susceptibility x which exhibits a broad maximum 


around 115 K, a characteristic of short-range dynamic 
AFM correlations in low-dimensional spin systemsA 
Subsequent inelastic neutron scattering (INS) measure¬ 
ments on SrCo2As2 revealed strong AFM spin fluctua¬ 
tions at the stripe-type wavevectorA Similar physical 
properties are reported in the SC compound KFe2As2, 
the end member of the hole-doped Bai_a;Ka;Fe2As2 fam¬ 
ily. This compound also has an enhanced 7 = 103 ^^'^2 
and a broad peak in x around 100 KjA along with strong 
stripe-type AFM fluctuationsA The similarity between 
SC KFe2As2 and non-SC SrCo2As2 raises the impor¬ 
tant question of why superconductivity does not arise 
in SrCo2As2. 

In this paper, we report ^®Co and ^®As nuclear mag¬ 
netic resonance (NMR) measurements to examine the 
local microscopic properties of SrCo2As2. Our anal¬ 
ysis, based on the modified Korringa relation, reveals 
strong ferromagnetic (FM) spin fluctuations within the 
Co layer coexisting with the stripe-type AFM fluctua¬ 
tions observed by INS. Based on these results, we sug¬ 
gest that the low-energy FM fluctuations observed by 
NMR compete with the stripe-type AFM fluctuations, 
resulting in the suppression of SC in SrCo2As2. Fur¬ 
thermore, our observation of coexisting stripe AFM and 
FM fluctuations in SrCo2As2 is consistent with density 
functional theory (DFT) calculations which show peaks 
in the static susceptibility, x(h)! both the FM and 
stripe AFM in-plane wavevectorsA This theoretically 
predicted enhancement of x(h) both wavevectors is 
not unique to SrCo2As2 but in fact applies more gener¬ 
ally to iron-pnictide based superconductors and parent 
compounds jiA^A Our NMR data provide the first mi¬ 
croscopic confirmation of spin susceptibility enhanced at 
both wavevectors in the iron-pnictide family, indicating 
that FM fluctuations may play an important role in de¬ 
termining Tc in iron-pnictide based SCs. 
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FIG. 1: (Color online) (a) Field-swept ®®Co-NMR spectra at 
frequency / = 66.3 MHz for magnetic fields H ^ c axis (black) 
and H \\ ab plane (red) to at various values of T. The vertical 
dashed line represents the zero-shift position {K = 0). (b) T 
dependence of the ®®Co-NMR shifts Kc and Kab- The black 
and red dashed lines are corresponding to Kq for Kc and Kab, 
respectively. Inset: K vs x plots for each field direction where 
we used x data reported in Ref. [12] . The thick solid lines are 
fitting results and two thin lines above and below the thick 
line give an error for our estimate of Kq for each H direction, 
(c) T dependence of the full width at half maximum (FWHM) 
of the spectra for each field direction. 


NMR measurements were performed on ^®As (7 = 3/2, 
x/2tt = 7.2919 MHz/T) and ®®Co (7 = 7/2, = 

10.03 MHz/T) using a homemade phase-coherent spin- 
echo pulse spectrometer. The ®®Co and ^®As spin-lattice 
relaxation rates (l/Ti) were measured with a recovery 
method using a single tt/2 saturation pulse The single 
crystal used in this study was grown with Sn flux and is 
same as that in our previous studyi^ where preliminary 
^®As-NMR results were reported. 

Figure |TJa) shows field-swept ^®Co-NMR spectra at 
various values of T for magnetic fields parallel to the 
c axis (77 || c axis) and to the ab plane (77 || ab plane). 
The typical spectrum for a nucleus with spin 7 = 7/2 
with Zeeman and quadrupolar interactions can be de¬ 
scribed by a nuclear spin Hamiltonian 77 = — 7 ?il • Heff -I- 
^^[37/ — 7(7 -I- 1)], where Hes is the effective field at 
the nuclear site and h is Planck’s constant. The nu¬ 
clear quadrupole frequency for 7=7/2 nuclei is given by 
VQ = e^QVzz/ld/i, where Q is the nuclear quadrupole 
moment and Vzz is the electric field gradient at the nu¬ 
clear site. For 7 = 7/2 nuclei, this Hamiltonian produces 
a spectrum with a sharp central transition line flanked by 
three satellite peaks on either side. The observed ®®Co 
NMR spectra, however, do not show the seven distinct 
lines but rather exhibit a single broad line due to in¬ 
homogeneous broadenings. From the line width, we es¬ 
timate VQ ^ 0.14 MHz at 4.2 K with Vzz parallel to 
the c axis, close to the value of 0.13 MHz for ^®Co in 


FIG. 2: (Golor online) T dependence of l/TiT for both mag¬ 
netic field directions, H \\ c axis [l/{TiT)u\\c\ and H jj ab 
plane [l/{TiT) H\\ab]- Inset: Recovery curves at T = 2.4 K for 
both H directions. The solid lines are fits by the relaxation 
function described in the text. 


Ba(Fei_a;Coa;) 2 As 2 with x = 0.02 and 0.04^ 

Figure [TJb) shows the T dependence of the NMR shift 
for 77 II c axis (Kc) and 77 || ab plane (Kab)- The 
NMR shift has contributions from the T-dependent spin 
part Kgpin and a T-independent orbital part Kq. Tfgpin 
is proportional to the spin susceptibility Xspin through 
the hyperfine coupling constant Ahf giving K{T) = 
Kq -I- ^Xspin(r), where TVa is Avogadro’s number. The 
anisotropic spin susceptibilities Xab and Xc in SrCo 2 As 2 
were reported in Ref. [T2- The inset of Fig. [T](b) plots 
Kab and Kc against Xab and Xc respectively, with T as 
an implicit parameter. T is chosen to be above 20 K to 
avoid upturns in x due to impurities.— Kab and Kc vary 
with the corresponding x as expected, although one can 
see a slight deviation from the linear relationship. We es¬ 
timated the hyperfine coupling constants Ac = (—110±5) 
kOe//iB and Aab = (—22.9 ± 1.0) kOe/^B by fitting the 
data (shown by the thick lines in the inset). Ac is com¬ 
parable to the value of —105 kOe//iB for isotropic d elec¬ 
tron core polarization, while Aab is much smaller. The 
small value of Aab could be due to anisotropic and pos¬ 
itive orbital and/or dipolar hyperfine coupling contribu¬ 
tions which cancel a part of the negative core polariza¬ 
tion hyperfine field. Similar reductions in the hyperfine 
coupling constant have been observed in several Co com¬ 
pounds, which have been well explained by taking the 
orbital contributions into consideration— The orbital 
shifts Tfo.ab = (1-31 ± 0.10)% and ATq.c = (1-51 ± 0.13)% 
were estimated from the fittings. In order to estimate 
the error in Kq, we change the Kq while keeping the 
same slope to cover all data points. The two thin lines 
correspond to the fitting lines with minimum and max¬ 
imum Kq for each 77 direction. The T dependences of 
Kab and Kc are similar to the behaviors reported for 
^®As-NMR in Ref. [I2|, which show broad maxima at 
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FIG. 3: (Color online) Top panel: T dependence of the Kor- 
ringa ratios (red) and l/Ti.iiTIFspin.c (black) 

for spin correlations in the ab plane and along the c axis, re¬ 
spectively. The solid lines are gnides to the eye. Lower panel: 
T dependence of the parameter a±_ for spin correlations in the 
ab plane (red) and q:|| along the c axis (black). 


T 115 K. These maxima are observed as minima in 
the NMR shift data due to the negative hyperfine 
coupling constant. The broad minima in Kab and Kc 
suggest the presence of low-dimensional dynamic short- 
range AFM correlations below 115 K. In Fig. [He), we 
plot the full width at half maximum (FWHM) of the 
spectra as a function of T for iJ || c axis and H \\ ab 
plane. With decreasing T, the FWHM decreases gradu¬ 
ally and starts to increase below ^ 30 K where x shows 
T-independent behavior, suggesting inhomogeneities of 
the dynamic short-range AFM order below 30 K. 

To investigate the dynamical magnetic properties, we 
have measured 1/Ti versus T (Fig. [2]). In both field direc¬ 
tions l/TiT is roughly constant over the entire tempera¬ 
ture range. The inset shows nuclear magnetization recov¬ 
ery curves for the two magnetic field directions together 
with fitting results. To examine the character of the spin 
fluctuations in more detail, we perform a modified Kor- 
ringa relation analysis. Within a Fermi liquid picture, 
1/TiT is proportional to the square of the density of 
states at the Fermi energy V{Ep) and Arspin(oc Xspin) 
is proportional to 'D{Ep). In particular, = 

(to) ~ which is the Korringa relation. De¬ 
viations from S can reveal information about electron 
correlations in the materia l^^’^^ , which are expressed via 
the parameter a = S /For instance, enhance¬ 
ment of x(q ^ 0) increases 1/TiT but has little or no 
effect on ATspin, which probes only the uniform y with q 
= 0. Thus a > 1 for AFM correlations and a < 1 for 
FM correlations. 

Application of the Korringa relation to SrCo 2 As 2 re¬ 
quires some care due to the anisotropy of ATspin and 
1/TiT. Since 1/TiT probes magnetic fluctuations per- 



FIG. 4: (Golor online) (a) T dependence of the ^®As 
NMR shift for both field directions in SrCo 2 As 2 (black) 
and BaCo 2 As 2 (red)^. (b) T dependence of IjTxT at the 
^®As sites for both field directions in SrGo 2 As 2 (black) and 
BaGo 2 As 2 (red). 


pendicular to the magnetic heldj^ it is natural to con¬ 
sider the Korringa ratio where l/Ti^±T 

= i/(Tir)^||„ when examining the character of mag¬ 
netic fluctuations in the ab plane. Similarly, we consider 
the Korringa ratio l/Ti for magnetic fluctua¬ 

tions along the c axis. Here l/(Ti yT) is estimated from 

2/{T,T)Hllab - 

In the top panel of Fig. |3l we show the T dependence 
of the Korringa ratios for magnetic fluctuations in the ab 
plane and along the c axis, along with the correspond¬ 
ing values of the parameter a in the bottom panel. We 
find that a 1 in each case, with the value of a re¬ 
maining constant throughout the range of T. The low 
values of a indicate that the fluctuations have predomi¬ 
nantly FM character. It should be emphasized that the 
a values strongly depend on i^spin and the a±_ greater 
than a II could be due to the small ATspin values arising 
from the small Aab- In addition, it should be noted that 
the observed 1/TiT is the sum of four contributions: the 
s electron Fermi contact, d orbital, d core polarization, 
and d dipole relaxation rates. As a result, the estimated 
values for a for both directions can be considered to be 
upper limits on a, indicating even stronger FM fluctua¬ 
tions in SrCo 2 As 2 than expected from the above a values. 
On the other hand, the increase of l/T^ yTATgpjjj,,, below 
50 K clearly indicates the presence of AFM correlations 
along the c axis coexisting with the dominant FM fluc¬ 
tuations. 

The suggested FM spin correlations can be confirmed 
by ^®As NMR in SrCo 2 As 2 . In Fig. IHa), we show the 
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T dependence of the NMR shifts Kab and Kc- For 
comparison, Fig. 0] also shows our analogous data from 
isostructural BaCo 2 As 2 reported in Ref. 1^ which are 
in agreement with those reported in Ref. The NMR 
shifts measured at the "^^As sites of SrCo 2 As 2 display 
broad maxima at T ^ 115 K, consistent with the NMR 
shift measured at the ®®Co sites, although with opposite 
sign of the hyperfine coupling. The broad peak observed 
in SrCo 2 As 2 contrasts sharply with the NMR shift in 
BaCo 2 As 2 , which increases with decreasing T and then 
levels off at low T. 

The T dependence of 1/TiT of ^®As, measured in both 
field directions, is shown in Fig. lU^b) for both SrCo 2 As 2 
and BaCo 2 As 2 . For SrCo 2 As 2 , 1/TiT for both field direc¬ 
tions shows a broad peak around T ^ 115 K. This T de¬ 
pendence is very similar to that of the NMR shift. Also in 
BaCo 2 As 2 , 1/TiT shows a very similar T dependence to 
that of the corresponding NMR shift. This similar T de¬ 
pendence of 1 /TiT and K for BaCo 2 As 2 was also noted in 
Ref. [1^. Ahilan et al. contrasted this behavior to that 
of the PM state in optimally-doped Ba(Fei_a;Coa;) 2 As 2 , 
where 1/TiT increases with decreasing T below 100 K, 
while K slowly decreases.— This behavior is clear evi¬ 
dence for the presence of fluctuations with q ^ 0. In 
contrast, the similar T dependence of 1/TiT and K in 
BaCo 2 As 2 rules out strong fluctuations with q ^ 0, since 
these would increase l/TiT but not K. Ahilan et al. 
therefore concluded the correlations in BaCo 2 As 2 are pri¬ 
marily FM in nature. By a similar argument, our data 
on SrCo 2 As 2 offer clear evidence for dominant FM fluc¬ 
tuations. In fact, the FM fluctuations can be shown by 
the modified Korringa relation analysis using the ^®As 
NMR data. Figure [S] shows the Korringa ratios for both 
field directions in SrCo 2 As 2 and BaCo 2 As 2 along with 
the corresponding Korringa parameters a. In each case 
we find a <C I, again consistent with strong FM fluctu¬ 
ations in both materials, consistent with dominant FM 
correlations as found above for ®®Co in SrCo 2 As 2 . The 
slightly higher value of the a\i for SrCo 2 As 2 than the 
other three cases suggests that the c axis component of 
the magnetic fluctuations in SrCo 2 As 2 would be less FM 
than in BaCo 2 As 2 . The above analysis is based on a sim¬ 
ple model that the nuclear relaxation is due to the local 
'D{Ep) at the As sites, through on-site hyperfine inter¬ 
actions, where As-4p bands hybridize with Fe-3d bands. 
On the other hand, if the relaxations are induced by only 
localized Fe electronic spins through isotropic transferred 
hyperfine interactions, the a value would be modified 
by a factor of 4 due to the q dependent hyperfine form 
factorj^ FM spin correlations would then be expected 
for a < 0.25. Regardless of the model, the a values in 
both systems are consistent with FM spin correlations. 

According to DFT calculations in Ref. [H, the x(q) 
in SrCo 2 As 2 shows enhancements of similar strength at 
both the FM and stripe AFM wavevectors. Furthermore, 
the DFT results indicate that the stripe-type AFM fluc¬ 
tuations have a higher energy scale than the FM fluctu¬ 
ations, suggesting that FM fluctuations my be dominant 



FIG. 5: (Color online) Top panel: T dependence of 
the Korringa ratios l/Ti.xrAgpin (open symbols) and 
l/Ti iiTAgpin (closed symbols) for spin correlations in the ab 
plane and along the c axis, respectively, for SrCo 2 As 2 (black) 
and BaCo 2 As 2 (red). Lower panel: T dependence of a±_ and 
a|l for SrCo 2 As 2 and BaCo 2 As 2 . 


at low energies. From the NMR point of view, which 
probes energies very near the ground state, we find that 
the fluctuations are indeed predominantly FM in char¬ 
acter. We also find evidence for weak AFM fluctuations 
coexisting with the dominant FM fluctuations, which can 
be attributed to the contribution in x(q) the stripe 
AFM wave vector revealed by the DFT calculations and 
INS measurements. 

In summary, our ®®Co and ^®As NMR data demon¬ 
strate that the low energy spin fluctuations in paramag¬ 
netic SrCo 2 As 2 , the end member of the electron-doped 
Sr(Fei_a;Coa;) 2 As 2 family, are predominantly FM in char¬ 
acter. We also found clear evidence of coexisting weak 
stripe-type AFM fluctuations that also appear at the 
higher INS energy scale. In the standard phenomenol¬ 
ogy of the iron-arsenide SCs, optimum SC is expected if 
strong stripe-type AFM fluctuations are present in the 
absence of long-range AFM order. We suggest that the 
competing low energy FM fluctuations interfere with the 
stripe-type AFM fluctuation-based pairing mechanism, 
thus suppressing superconductivity in SrCo 2 As 2 even 
though the standard requirements are satisfied. Finally, 
several theoretical calculations have shown enhancements 
of x(q) at both the FM and stripe-type AFM wavevectors 
in iron-based superconductors and parent compounds, 
similar to the case of SrCo 2 As 2 . Experimentally, a Ko¬ 
rringa parameter a from ^^Se-NMR data on the iron- 
chalcogenide superconductor Ko. 8 Fe 2 Se 2 seems to be con¬ 
sistent with FM fluctuations in the high T paramagnetic 
phase.— These results suggest that strong FM correla¬ 
tions and fluctuations may be important to detemining 
Tc in the iron-based superconductors. Due to the partial 
cancellation of the influences of FM and AFM fluctua¬ 
tions in NMR measurements, polarized inelastic neutron 
scattering measurements are needed to definitively mea- 
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sure the relative strengths of FM and AFM fluctuations 
in SrCo 2 As 2 and other iron-based superconductors. 
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